Cotton fibers are single-cell trichomes derived from the outer integument cells of ovules. Recent studies showed that the rapid elongation of fibers was coordinated with the expression of a subset of fiber-specific genes. Here we report the use of filter arrays of cDNAs to identify genes preferentially expressed in cotton fibers. An array of 1536 clones was hybridized with cDNA probes prepared from wild type (fiber-containing) and fl mutant (naked) ovules at 5 days post-anthesis (DPA), respectively. Subsequent RT-PCR analyses of 14 genes identified ten that were highly transcribed in cotton fibers. Among them, an RD22-like protein (GhRDL ), a putative acyltransferase (GhACY ), a Fiddlehead homolog (GhFDH ), a serine carboxypeptidase-like protein (GhSCP ), two tubulin components (GhTUA6 and GhTUB1 ) and the previously reported gene encoding fiber protein E6, showed a fiberenriched expression pattern. The other three genes, including an actin (GhACT ), a putative cellulose synthase catalytic subunit (GhCesA-5 ) and a putative 24-sterol-C -methyltransferase (GhSMT ), were actively transcribed in fibers during the elongation stage, but their transcripts were also clearly present in other tissues. The possible roles of these proteins in cotton fiber development and growth are discussed. #
Introduction
Seeds of cotton cultivars have unicellular fibers (trichomes), which are developed from specialized outer integument cells of the ovule. Fibers differentiate as early as 3 days before anthesis and elongate rapidly after anthesis until 21 Á/26 DPA (days post-anthesis). After about 2 weeks post-anthesis, there is an active biosynthesis of secondary cell wall to which a large amount of cellulose deposits. This stage is followed by a maturation stage (45 Á/60 DPA) when dehydration takes place and the cotton-boll (fruit) opens [1] .
In recent years, progress has been made in molecular investigation of cotton fiber development. Since the first report of isolation of several cDNAs that showed a higher expression in developing fiber cells [2] , a few dozen fiber-genes were reported and their expression patterns analyzed [3, 4] . A number of these genes, such as H6 , Rac13, Fb12A , FS5/6 and GhEX1 , are considered fiber-specific [5 Á/8] , whereas others, such as E6 , B6 , and LTP6 , are fiber-enriched [2,9 Á/11]. There is also a large number of isolated cDNAs that encode proteins of unknown function [12] . In addition to investigation at the cDNA level, efforts have been made toward genomic and functional genomic studies of cotton fiber development [13 Á/15] (http://cottongenomecenter.ucdavis.edu).
Apart from cloning cDNAs specifically or preferentially expressed in cotton fibers, the mechanism of fiber elongation remains largely elusive. Ruan et al. [16] investigated osmotic and turgor potentials of fiber cells at different developmental stages in relation to cell wall loosening. They found that plasmodesmata were transiently closed at Â/10 DPA; at the same time, transcription of the sucrose and K ' transporter genes peaked, but the level of expansin mRNA, which was high at the early phase of elongation, decreased. A ribonuclease protection assay showed that genes involved in osmoregulation, such as those encoding proton-translocating plasma membrane ATPase, vacuole-ATPase and a major intrinsic protein, were up-regulated in rapidly expanding fibers and their transcription declined with the onset of secondary cell wall synthesis [17] . On the other hand, the transcript abundance of endo-1, 3-bglucanase, a cell wall related enzyme, was found to be low in the elongating cells, but increased gradually during secondary wall formation [18] . These results suggest that, in developing fibers, transcription of genes is orchestrated in a stage-specific manner and this expression spectrum is closely related to fiber cell polar growth, development and trait formation.
A fuzzless-lintless-seed (fl ) mutant was isolated from the cotton cultivar G. hirsutum cv. Xuzhou-142. Morphologically and developmentally, the fl plants are similar to the wild type, except that their seeds are nearly glabrous with only a few short fibers on the chalazal end [19] . Previous genetic analysis indicated that the fl mutant was derived from a single recessive mutation [20] . Our previous investigation showed that the mRNA levels of E6 and expansin, two proteins that are reported to be highly expressed in fibers, were greatly reduced in fl ovules [19] . This difference of gene transcription may be used to isolate genes preferentially expressed in cotton fibers by differential hybridization.
Materials and methods

Plant material
Gossypium hirsutum L. cv. Xu-142 and its fuzzlesslintless mutant (fl ) were employed in this investigation. Ovules at 1, 3, 5, 9, 14 and 18 DPA were collected, frozen in liquid nitrogen and stored at (/70 8C until used for analysis. For the wild type, fibers were stripped from the ovules of 9, 14 and 18 DPA. Cotton plants were grown in a greenhouse at 28 8C. Roots, cotyledons and hypocotyls were collected from 2-week-old seedlings. Leaves (3 days after emergence) and petals (at the day of anthesis) were also collected.
RNA isolation
Plant material of 0.5 g (fresh weight) were ground into a fine powder in liquid nitrogen and the total RNA was isolated with a CTAB solution (2% CTAB, 0.1 M Tris, 20 mM EDTA, 1.4 M NaCl, pH 9.5 and 1% mercaptoethanol). The mRNA was isolated by a PolyAtract system II (Promega, Madison, WI) and quantified by measuring the UV absorbance at OD 260 .
Preparation of cDNA filter arrays
Filter arrays were produced according to a published protocol [21] , with minor modifications. A cDNA library (ZAP Express TM , Stratagene, La Jolla, CA) constructed from ovules ((/3 to 15 DPA) of the wild type G. hirsutum cv. Xu-142 was used for the array. The plaques were randomly picked and added into 200 ml SM buffer [22] . An aliquot of 3 ml was used as the template and the cDNA insert was amplified by PCR in a 50 ml reaction volume containing 0.6 mM universal primers T3 (5?-AATTAACCCTCACTAAAGGGA-3?) and T7 (5?-AATACGACTCACTATAGGGCG-3?), respectively. To ensure that long inserts were efficiently amplified, the Ex Taq DNA polymerase (TaKaRa, Dalian, People's Republic of China) was used. PCR was performed for 35 cycles of 30 s at 94 8C, 50 s at 56 8C and 120 s at 72 8C. The amplified products were arrayed onto Hybond-XL nitrocellulose membranes (Amersham Pharmacia, UK) by BioMek † 2000. DNA sequences were determined at the Rice Genome Center of China, Shanghai, or at Genecore (Shanghai, People's Republic of China). NCBI sequence database was searched for homologous genes by BLASTX program.
Probe preparation and membrane hybridization
Isolated mRNA (140 ng) from 5 DPA wild type and fl mutant ovules was used for first-strand cDNA synthesis using the RNA PCR (AMV) Kit (TaKaRa). Using the Prime-a-Gene † Labeling System (Promega), cDNAs (50 ng) were labeled in a 50-ml reaction system containing a-32 P-dCTP at 37 8C for 1 h. A standard protocol was used for hybridization and washing [22] . Briefly, duplicate membranes were hybridized at 55 8C for 16 h, washed at 55 and 60 8C one or two times and exposed to X-ray film.
RT-PCR analysis
Total RNA (1 mg) was added to a 20-ml reversetranscription mixture for first-strand cDNA synthesis, using the same kit as described above. After a 5-fold dilution, 1 ml of the reverse transcripts was added to a 30-ml PCR mixture. Annealing temperature was calcu-lated according to the nucleotide composition of the primers and the general program was 28 cycles of 94, 56 and 72 8C (30 s for each step), followed by an extended incubation at 72 8C for 10 min. The PCR products (8 ml) for each sample were then electrophoresed in a 1.2% ethidium bromide-agarose gel and viewed under UV. Relative abundance of each product loaded in the gel was determined by Gene Tools software from SynGene (Gene Company Ltd., Hong Kong). Quantitative data were obtained from four individual experiments. As a control, the histone3 transcripts were analyzed, as previously described [19] . The primers used are listed in Table 1 (forward and reverse, respectively).
Results
Filter array of cotton ovular cDNAs
PCR products of 1536 cDNA clones of developing cotton ovules were spotted onto nitrocellulose membranes, which were hybridized with the cDNA probes prepared from wild type and fl ovules at 5 DPA, respectively. About 60 clones were found to show stronger hybridization signals with the wild type probe than with the mutant (Fig. 1) . Sequencing of 5?-terminal ends identified 30 different genes. A BLASTX search of the NCBI database identified several fiber-genes already reported, including those encoding E6 [2] , expansin [8] , annexin [23] and several cytoskeletal components, such as actin, a-and b-tubulins. However, there were a number of newly discovered cDNAs (Table 2) .
Pattern of gene expression
To confirm hybridization results of the filter array for isolation fiber-specific or fiber-enriched genes, 14 genes, including E6 as a positive control, were selected for further RT-PCR analyses (Table 2) .
Firstly, transcripts of each gene in wild type ovules (1, 3 and 5 DPA), fibers (9, 14 and 18 DPA) and fl mutant ovules (1-18 DPA) were analyzed by RT-PCR (Fig. 2) . Secondly, transcripts of these genes in wild type and fl mutant ovules at 5 DPA were simultaneously amplified by RT-PCR and the relative transcript abundance was quantitatively estimated by scanning the electrophoresis gel; for each gene, the ratio of transcript abundance detected in wild type against fl mutant was then 
For GhTUB1 , GhTUA6 , GhCesA-5 and GhACT , the 3?-terminal sequences were also determined and the primers were then synthesized accordingly, with the reverse primer matching the 3?-terminal untranslated region. All other primers were designed according to the 5?-terminal sequences. Table 2 ). calculated (Fig. 3) . The results showed that at least ten genes had more or less higher levels of transcripts in wild type ovule and fibers than in the nearly naked fl ovule. A significant difference of the transcript abundance was observed for eight genes, including those coding for the RD22-like protein (GhRDL ), putative acyltransferase (GhACY ), FIDDLEHEAD homolog (GhFDH ), serine carboxypeptidase-like protein (GhSCP ), tubulin a-chain (GhTUA6 ) and b-chain (GhTUB1 ), actin (GhACT ) and the fiber protein E6 (GhE6 ) (Fig. 2) . Transcript abundance for these genes increased from around 5 DPA. In wild type ovule and fiber cells, GhRDL, GhACY and GhFDH were highly expressed, whereas in naked fl ovules, transcripts for these genes were undetectable or present at extremely low levels. Transcript abundance of all these three genes was reduced at :/18 DPA. This expression pattern correlates with the period of rapid cell elongation and primary wall formation of the cotton fiber. GhSCP transcripts were detected in both wild type and fl ovules, however, mRNAs were higher in the former than in the latter, particularly during an early developmental phase (1 Á/5 DPA).
Gene transcripts for actin (GhACT ), the putative cellulase synthase catalytic unit (GhCesA-5 ) and sterol-C -methyltransferase (GhSTM ) were also found to be, to a lesser extent, higher in wild type ovules or fibers than in fl ovules. During early development (1 Á/5 DPA), GhCesA-5 transcripts were detected in wild type ovules, but almost undetectable in fl ovules; however, mRNA abundance increased rapidly after 9 DPA in both fibers and fl ovules (Fig. 2) .
As for the remaining four genes, including a putative flavanone 3b-hydroxylase, a serine protease-like protein, a putative zinc-binding protein and a heat shock protein 70 (Table 2) , RT-PCR did not show a clear difference of gene expression between wild type and fl mutant ovules (data not shown).
Tissue-specific expression of ten fiber genes ( Table 2 ) was then analyzed (Fig. 4) . In comparison with the E6 fiber protein, GhRDL had an expression pattern more fiber-enriched. While the GhRDL transcripts were abundant in fibers, only a low amount was detected in petals and fl ovules and transcripts were undetectable in all other tissues investigated (Fig. 4) . GhACY and GhFDH transcripts were found to be enriched in fibers, while both genes had a very low level of mRNA in leaf, cotyledon, hypocotyl and petal, but not in roots. GhSCP , GhTUB1 and GhTUA6 also showed the highest level of expression in fibers, although transcripts were present at different levels in other tissues examined.
Besides the seven genes that showed fiber-enriched expression, the three others, including GhACT , GhCesA-5 and GhSMT , were found actively, but not preferentially, transcribed in fibers. However, as indicated above, transcripts of these genes were particularly low in fl mutant ovules at an early developmental phase (Fig. 2). 
Sequence analysis
The cDNA sequences of GhRDL , GhACY , GhFDH and GhSCP were then determined. GhRDL encodes a 335-amino acid protein that is highly similar to a group of BURP domain-containing proteins, including those from Bruguiera gymnorrhiza (Table 2 ) and the RD22 protein of Arabidopsis thaliana [24] . The RUBP domaincontaining proteins often contain an N-terminal transit peptide [25] , so does the GhRDL. In addition to these homologous genes, several cotton fiber ESTs deposited in the database were found identical to GhRDL . GhACY encodes a protein that is mostly similar to acyltransferase homologs of Petunia x hybrida and A. thaliana ( Table 2 ). The cDNA insert was found truncated at its 5?-terminus, as the starting methionine, and probably several other N-terminal amino acid resides, were missing. Domains of H-X3-DG and D-F-G-W-GK-P that are characteristic of a CoA-dependent acyltransferase family [26] were also found in GhACY.
GhFDH encodes a protein of 535 amino acid residues, with an overall 75% sequence identity to the Arabidopsis FDH protein [27] . The GhSCP mRNA encodes a 507-amino acid protein with a predicted N-terminal transit Fig. 2 . RT-PCR detection of transcript levels of nine genes in developing ovules of wild type (upper), fl mutant (lower) ovules (for E6 data were not shown here). PCR was conducted for 28 cycles of amplification. For wild type ovules (9, 14 and 18 DPA), RNA was extracted from isolated fibers. The plasmid containing the corresponding cDNA was used as a positive ('/); for negative control ((/), no DNA remplate was added. The histone3 transcript was used for modulating equal amount of transcripts.
peptide of 25 amino acid residues. The predicted mature protein of GhSCP is 70% identical to a putative serine carboxypeptidase precursor of A. thaliana (Table 2 ).
Discussion
Generally, cotton fiber development can be divided into four overlapping stages: fiber differentiation, cell elongation, secondary wall deposition and maturation [28] . The fibers elongate rapidly after anthesis, to about 16 Á/18 DPA, at which time elongation slows down and the cell switches to secondary cell wall synthesis. In our hybridization procedure, the probes were derived from the mRNAs of 5 DPA cotton ovules. At this stage, the cotton fibers start to elongate rapidly and great morphological differences can be observed between wild type and fl mutant ovules [19] . Thus, it can be expected that the genes identified by the array are largely related to fiber expansion and elongation. Consistent with this, we found that most of the genes examined here showed a high expression level from 5 to 14 DPA and their transcripts were generally more abundant in wild type ovules or fibers than in fl mutant ovules. This expression pattern implies that these genes might be involved in high turgor-driven cell expansion and its related cytoskeleton rearrangement.
There are four genes (GhRDL , GhACY , GhFDH and GhSCP ) that are for the first time found to have a fiberenriched expression pattern. As indicated above, GhRDL shows high similarities to BURP domaincontaining proteins, including a dehydration-and abscisic acid (ABA)-induced protein RD22 of Arabidopsis . RD22 is also expressed in seeds during early and mid stages of development, in an ABA-independent manner [24] . More recently, MYC and MYB proteins were found to function as transcriptional activators in the dehydration-and ABA-inducible expression of the RD22 gene [29] . Whether GhRDL expression could also be induced by ABA or stress conditions awaits further investigation. The highly fiber-enriched manner of expression suggests that its promoter is of value in dissecting the mechanism of fiber-gene expression and in engineering cotton fiber development. The BURP domain is present in diverse plant proteins with different pattern of expression, but its function remains to be elucidated. Interestingly, the tomato fruit PG1b (b subunit of polygalacturonase isoenzyme 1) is also a BURP domain-containing protein, and is involved in regulating pectin metabolism by hydrolyzing pectins [30, 31] . Based on this, the BURP domain was assumed to interact with structural components of the cell wall [25] .
The deduced protein sequence of GhACY, particularly the presence of H-X3-DG and D-F-G-W-GK-P domains, suggests that it belongs to a CoA-dependent acyltransferase family [26] . A number of acyltransferases of this type have been found to participate in secondary metabolism, such as anthocyanin [32, 33] and alkaloid [34] biosynthesis; however, the fiber-enriched expression of GhACY may suggest a distinct function of this enzyme, which is probably related to cellular growth. The FDH protein of Arabidopsis , a putative b-ketoacylCoA synthase, has been proposed as being involved in biosynthesis of long-chain lipids found in the cuticle [27] . Loss of function of FDH in Arabidopsis results in shoot-organ fusion and trichome mal-differentiation. Expression of the cotton FDH homolog in elongating fibers suggests that it may play a similar role in these highly specialized trichomes. It is interesting that the serine carboxypeptidase-like protein, GhSCP, has a relatively higher level of expression in fibers throughout development (1 Á/18 DPA); this class of proteins has been found to carry out diverse functions in plants, including processing protein(s) involved in brassinolide signaling [35] and acting as acyltransferases in plant secondary metabolism [36] .
We have isolated three cytoskeletal components (GhTUB1, GhTUA6 and GhACT ). RT-PCR demonstrated fiber-enriched expression of GhTUB1 and GhTUA6 . Nine a-tubulin and seven -tubulin isoforms were detected in developing cotton fibers by immunoblot analysis and some genes had a tissue-specific and developmental-regulated expression pattern [37] . It was further reported that five of these distinct a-tubulins showed gene-specific differences in transcript accumulation [38] . Based on the sequence comparison, GhTUA6 reported here is different from the previously cloned five a-tubulins, with the highest identity of nucleotide sequence with GhTUA4 . Combined with the expression pattern of various GhTUA members, our results also support the notion that there is a large family of cytoskeleton proteins such as tubulins and actins expressed in fibers and their accumulation is temporally regulated [38] . These unique phenomena may reflect the diverse roles of these different isoforms of microtubule components in rapid cell elongation and dramatic cortical microtubules changes in developing cotton fibers.
GhSMT shows a high identity to Arabidopsis 24-sterol C -methyltransferase AtSMT2, an enzyme controlling the branching point leading the sterol biosynthetic flux towards sitosterol [39] . However, transcripts of this enzyme were also detected in fl ovules and other tissues (Fig. 4) , indicating that it likely plays a general role in modulating growth. Similarly, GhCesA-5, a putative cellulose synthase catalytic subunit, shows a wide expression pattern. Searching of the GenBank † database revealed that GhCesA-5 is most similar to Arabidopsis RSW1 (Table 2) , a glycosyl transferase assembled into cellulose synthase complexes [40] . Sequence comparison showed that GhCesA-5 is 60Á/70% identical to GhCesA-1 through GhCesA-4 at the deduced amino acid sequence level. It was reported that GhCesA-1 and GhCesA-2 genes are expressed at high levels in developing cotton fibers during secondary wall formation [41] . It appears that different genes of the cotton CesA family are differentially regulated.
Despite the fact that no precise roles in fiber development are presented here, most of the 14 fiber genes have highly homologous genes in A. thaliana. Thus, it raises the possibility of using this model plant system to study the biological function of these fiber genes. Knockout mutants of the homologous candidates in Arabidopsis may, to a certain extent, provide clues to their roles in cellular elongation, expansion or polarity maintenance. Furthermore, a handful of genes described here represent only a very small subset of components that are active in cotton fibers. Based on a large number of cotton fiber ESTs deposited in Genbank † , highthroughput analysis of more genes by a large-scale cDNA array with probes of fibers of different developmental stages will provide more data for dissecting molecular mechanisms controlling cotton fiber development and growth.
